Objective: To analyze the potential impact of aspirin therapy for long-term secondary prevention after stroke of undetermined etiology in resource-limited settings without access to neuroimaging to distinguish ischemic stroke from intracerebral hemorrhage (ICH).
One of us (A.L.B.) has worked in such settings, where colleagues have described that one reason aspirin is used less is that without access to CT to distinguish IS from ICH, clinicians must balance presumed risks of aspirin administration in patients with potential ICH against potential benefits of secondary prevention in patients with possible IS. Unfortunately, clinical predictors to distinguish IS from ICH are not sufficiently reliable to guide clinical decision-making. 8 In order to assist clinicians practicing in resource-limited settings, we conducted a decision analysis to determine the impact of administering aspirin as long-term secondary preventive therapy to all patients after stroke when CT is not available to distinguish IS from ICH. METHODS Model structure. We constructed a Markov state transition model to evaluate the potential outcomes of 2 strategies for long-term secondary prevention after stroke of undetermined etiology: administering aspirin to all patients vs not administering aspirin to any patients. We conducted our decision analysis using TreeAge software (Williamstown, MA). In each yearly cycle, patients could have an IS or ICH, survive without further stroke, or die without further stroke ( figure 1A) . All patients entered the first cycle after a single stroke of unknown etiology with resultant mild, moderate, or severe disability. After an IS or ICH during a yearly cycle, patients could stay at the same level of disability, progress to a worse state of disability, or die acutely from the event, but they could never return to a lesser state of disability ( figure 1B) . For example, if a patient with moderate disability from an initial stroke had another stroke and survived, the disability state of the patient could either remain at moderate or worsen to severe, depending on the severity of the second stroke. If patients with prior IS had ICH or patients with prior ICH had IS, patients entered a "both" state in which they stayed until death. As with patients in IS or ICH states, in each yearly cycle, patients in "both" states could die without further events, survive without further events, or incur IS or ICH (after which they could stay at the same level of disability, progress to a worse state of disability, or die acutely from the event, but they could never return to a lesser state of disability). Patients in "both" states carried the yearly risk of IS of patients with prior IS and the yearly risk of ICH of patients with prior ICH. There were therefore 10 possible health states: IS (with mild, moderate, or severe disability), ICH (with mild, moderate, or severe disability), both IS and ICH (with mild, moderate, or severe disability), and dead (figure 1B).
Background assumptions. As in our previous decision analysis, 9 we made the following background assumptions to reflect the scenario facing clinicians in low-income countries: neuroimaging is not available to distinguish between IS and ICH; thrombolysis with IV tissue plasminogen activator (tPA) is not available (or cannot be administered without CT to determine whether radiologic contraindications to thrombolysis are present) 10, 11 ; aspirin is the only antiplatelet agent available (given the expense of clopidogrel and dipyridamole); and anticoagulation is not feasible (given lack of access to monitoring of prothrombin time and partial thromboplastin time in resource-limited settings). We assumed that patients presenting with stroke had either IS or ICH but not subarachnoid hemorrhage (SAH) because the incidence of SAH is far less than that of IS or ICH (accounting for 7% of strokes in low-income countries), 12 SAH generally presents with a clinical syndrome distinct from IS or ICH, and SAH would be expected to be almost uniformly fatal in resource-limited settings without timely access to advanced neurocritical care. Our model also assumed that patients being considered for long-term secondary prevention with aspirin had survived for at least 1 month following their initial stroke, because most data on the effects of aspirin on long-term outcomes after ICH describe patients who survived beyond the first month after ICH. 13, 14 Data. Data used in the decision analysis are summarized in table 1.
Risks of secondary events after initial IS and ICH and aspirin's effects on these risks. The yearly rates of recurrent IS and post-IS ICH after initial IS and aspirin's effects on the risks of these outcomes were obtained from the largest meta-analysis of aspirin secondary stroke prevention trials. 15 The yearly rates of recurrent ICH and post-ICH IS after initial ICH and aspirin's effects on the risk of these outcomes come from the largest studies providing data on the effects of aspirin on the risks of IS after ICH 13 and recurrent ICH 14 in patients who survived beyond the first month after ICH. Aspirin has also been demonstrated to decrease mortality in patients who are taking it at the time of IS 16 and to increase mortality in patients taking it at the time of ICH, 17 and both of these factors were incorporated into our model (table 1) .
Outcomes after IS and ICH. The distribution of outcomes after IS (mild, moderate, or severe disability) comes from the placebo group in a meta-analysis of IV tPA trials, 18 and the distribution of outcomes after ICH comes from a recent trial of blood pressure control in acute ICH. 19 Modified Rankin Scale (mRS) score of 0-1 was considered mild disability, mRS 2-3 moderate disability, and mRS 4-5 severe disability. Quality of life adjustment factors (Q) for mild, moderate, and severe disability due to stroke were the same as those used in other stroke-related decision analyses, 20,21 taken from a time tradeoff analysis of the effect of stroke on quality of life. 22 We assumed a fixed level of disability for each health state until death. As has been noted in prior stroke-related decision analyses, this may underestimate early disability and overestimate later disability but nevertheless yields a plausible estimation of disability over the lifespan. 20 Yearly rates of death without further stroke event are taken from standard life tables 23 with the addition of 0.08 excess annual mortality due to stroke, as in prior stroke-related decision analyses. 20 Epidemiology of IS and ICH. In a study of stroke risk factors in 3,000 patients in 22 countries, the percentage of first strokes caused by ICH ranged from 9% in high-income counties to as high as 34% in parts of Africa. 24 The latter figure correlates closely with the proportion of strokes due to ICH in lowincome countries estimated in the 2010 Global Burden of Disease study (35%). 2 Although the percentage of strokes due to ICH in sub-Saharan Africa has been reported to be as high as 60% in smaller studies, [25] [26] [27] ICH may be overrepresented in these small series due to the severity of illness required for presentation to referral centers with the capacity to perform brain imaging and conduct such studies. 3 Analyses. Our base case was a hypothetical 69-year-old patient with stroke of undetermined etiology in an LMIC, since 69 was the average age of incident stroke in LMIC in 2010. 1 We used 34% as the proportion of strokes due to ICH in the base case analysis, because this is the highest proportional incidence of ICH reported in a large epidemiologic study. 24 We conducted sensitivity analyses across the worldwide range of reported proportions of stroke caused by ICH (9%-60%) and on all aspirin-associated relative risks (RRs) across their 95% confidence intervals (CIs) to assess the threshold values below which aspirin was the preferred long-term treatment strategy. In order to assess the impact of simultaneous variation of 2 risk parameters, we conducted 2-way sensitivity analyses varying both aspirin-associated post-ICH RRs and proportion of first strokes caused by ICH. Outcomes were expressed in qualityadjusted life-years (QALYs).
RESULTS
Aspirin treatment for long-term secondary prevention after stroke of undetermined etiology was the preferred strategy across the entire reported range of the proportion of strokes due to ICH 2) . Applying these figures to the estimated 11,590,204 strokes in LMIC in 2010, 1 treating patients with aspirin for secondary prevention after stroke of unknown etiology would be predicted to lead to an estimated yearly decrease of 84,492 recurrent strokes and 4,056 stroke-related mortalities compared to no aspirin therapy. The predicted benefit of aspirin was preserved across the lifespan from age 20 to age 99, with greater benefit at younger ages ( figure 2B ). In sensitivity analyses for all aspirin-related RRs across their 95% CIs, the benefit of aspirin was maintained up to thresholds beyond the upper bound of the 95% CIs for all aspirin-associated RRs with the exception of one: the RR of subsequent IS after initial ICH (table 3) . However, the threshold value of 1.49 for this RR indicates that aspirin would actually have to increase the risk of IS after initial ICH by nearly 50% for no treatment to be favored, which seems clinically implausible.
Sensitivity analyses for the 2 aspirin-associated RRs after ICH of most concern to clinicians caring for patients with strokes of unknown type are shown in figure 2C (RR of recurrent ICH after ICH) and figure 2D (RR of acute mortality if a patient were to be on aspirin at the time of subsequent ICH). Notably, the RR of recurrent ICH due to aspirin after initial ICH would have to be 1.8-fold higher than the reported RR to favor not treating with aspirin, and the RR of acute mortality if a patient were to be on aspirin at the time of subsequent ICH would have to be 5.4-fold higher than the reported RR to favor no aspirin treatment. These results suggest that aspirin treatment for long-term secondary stroke prevention after stroke of unknown etiology is favored across a broad range of clinically plausible parameter estimates.
Two-way sensitivity analyses demonstrate that aspirin treatment is preferred across the entire worldwide range of the proportion of strokes caused by ICH up to post-ICH aspirin-associated RRs beyond the base case values drawn from the literature (figure 2, E and F). DISCUSSION As of 2004, there were only 65 CT scanners in all of sub-Saharan Africa (excluding South Africa), 28 representative of access to CT in many low-income regions. Guidelines for stroke care in high-income countries are contingent upon the availability of CT and therefore are not applicable to resource-limited settings without access to neuroimaging. Although the augmentation of clinical and technological resources for diagnostic and treatment capacity in neurology in resource-limited settings is critical, in the interim, clinicians on the front lines need contextsensitive clinical guidelines. Where guidelines and evidence are unavailable or inapplicable, 29, 30 decision Table 1 Data used in the model Quality of life 22 0.76 0.39 0.11
Abbreviations: CI 5 confidence interval; ICH 5 intracerebral hemorrhage; IS 5 ischemic stroke; RR 5 relative risk. One-and 2-way sensitivity analyses
In all 1-way sensitivity analyses (A-D), the x-axis displays the parameter for which sensitivity analysis is being performed and the y-axis represents quality-adjusted life-years (QALYs). In all 2-way sensitivity analyses (E and F), the x-axis represents the proportion of initial strokes due to intracerebral hemorrhage (ICH) and the y-axis represents a relative risk (RR) associated with aspirin in patients with prior ICH. In 1-way sensitivity analyses, the threshold at which the preferred strategy changes is marked by a vertical dashed line; aspirin treatment is preferred to no treatment to the left of this threshold value. In 2-way sensitivity analyses, the region favoring aspirin treatment is shaded blue and the region favoring no treatment is shaded red. In A and B, the base case proportion of strokes due to ICH (34%) is denoted by an arrow. In C and D, the base case value for the RR is denoted by a closed circle and its 95% confidence interval (CI) by a horizontal line. In E and F, the intersection of the base case value for proportion of initial strokes due to ICH and the RR is indicated by an asterisk, and dashed lines denote the 95% CIs of the RRs.
analysis models can provide useful estimates of relative risks and benefits of treatment strategies. 20, 31 Clinicians in resource-limited settings face a challenging dilemma in the care of patients with stroke: do the potential benefits of secondary IS prevention with aspirin outweigh the potential risks of aspirin in patients with possible ICH when stroke etiology cannot be determined? Risk aversion regarding administration of potentially beneficial treatments with risk of high-valence adverse effects is a common phenomenon. One commonly cited example is that of anticoagulation in elderly patients with atrial fibrillation at elevated fall risk, given concern for intracranial hemorrhage. 21, 32 However, decision analysis in that setting suggests that the risk of recurrent IS far outweighs fall-related intracranial hemorrhage risk, favoring anticoagulation for stroke prevention in spite of fall risk. 21 Similarly, the assumption that the potential long-term risks of aspirin could outweigh the potential long-term benefits in patients with stroke of unknown etiology is not supported by our model, which predicts that long-term aspirin therapy could lead to overall benefits in QALYs, yearly mortality, and yearly risk of further stroke after stroke of undetermined etiology. This predicted benefit is robust across the worldwide range of the proportion of strokes due to ICH up to values higher than those reported in the literature for potentially concerning RRs associated with aspirin administration after ICH.
Our study has several limitations related to the data utilized in the model. First, these data were collected predominantly in high-income countries and therefore may not necessarily reflect outcomes in low-income regions where cerebrovascular neuroepidemiology and effects of antiplatelets on outcomes are less well understood and where stroke therapies such as statins, anticoagulation, tPA, carotid endarterectomy, neurocritical care, and neurorehabilitation may be inaccessible to many or all patients. Given that more detailed epidemiologic data on cerebrovascular disease in LMIC are not currently available, we used the best available data and accounted for inherent limitations in these data through sensitivity analyses. Second, while much of the data used in the model comes from meta-analyses, 15, 17 data on the effects of aspirin use after ICH are limited to large cohort studies, which may be less robust. 13, 14 In particular, data on the effect of aspirin on the RR of IS after initial ICH suggest that aspirin actually affords greater RR reduction for subsequent IS after initial ICH than after initial IS, 13 and the CI for the aspirinassociated RR of IS after ICH crosses 1 (table 1) . However, in sensitivity analysis, the predicted benefit of aspirin was maintained up to a threshold value of 1.49 for this RR (table 3 ). In addition, when we repeated the base case analysis with RR of IS after ICH increased greater than 3-fold to be equivalent to RR of IS after IS, aspirin therapy remained the preferred treatment strategy up to a proportion of initial strokes due to ICH of 54.6%. Third, our model assessed aspirin's effects on secondary stroke prevention but did not incorporate the potential benefits of aspirin in prevention of ischemic heart disease and peripheral vascular disease. Thus, our model may underestimate the benefits of aspirin in patients with stroke of undetermined etiology, since ischemic heart disease and peripheral vascular disease share risk factors with both IS and ICH. Finally, data for outcomes after ICH used in this decision analysis include only patients who survived for 1 month after 2) .
(A) One-way sensitivity analysis of the proportion of initial strokes due to ICH. (B) One-way sensitivity analysis of age at time of first stroke. (C) One-way sensitivity analysis of the RR of recurrent ICH associated with aspirin after initial ICH. (D) One-way sensitivity analysis of the RR of acute mortality associated with aspirin if a patient has an ICH while on aspirin. (E) Twoway sensitivity analysis of the RR of recurrent ICH associated with aspirin and proportion of initial strokes due to ICH. (F) Twoway sensitivity analysis of the RR of acute mortality associated with aspirin if a patient has an ICH while on aspirin and proportion of initial strokes due to ICH.
ICH. Since mortality due to ICH is 40% at 1 month even in high-resource settings, 33 our base case analysis may overestimate the proportion of patients with ICH who survive to be candidates for long-term secondary prevention, because data utilized for the proportion of strokes due to ICH were drawn from a study of firstever strokes. 24 However, this overestimation of the proportion of strokes caused by ICH would lead to an underestimation of the benefit of aspirin in patients whose stroke type is unknown. Aspirin is only one component of a comprehensive secondary stroke prevention strategy that includes screening for and control of risk factors such as hypertension, diabetes, smoking, hypercholesterolemia, and atrial fibrillation. However, aspirin represents a widely available, inexpensive, and cost-effective secondary prevention therapy for cerebrovascular disease that is underutilized in areas of greatest stroke-related disability and mortality. 3, 7 Taken together with our previous decision analysis evaluating the risks and benefits of aspirin administration during the period of initial hospitalization after acute stroke of undetermined etiology, 9 our models predict that the potential benefits of aspirin as both an acute and long-term secondary prevention strategy may outweigh the perceived risks when neuroimaging is unavailable to distinguish IS from ICH. In the absence of a clinical trial to test this approach empirically, clinical decisions still require patient-specific assessment of risk and benefit. However, the results of our decision analysis suggest that increased use of aspirin therapy after stroke of undetermined etiology could lead to decreased stroke recurrence and mortality in the areas of the world where the burden of cerebrovascular disease is highest.
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